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Microsatellite markers are difﬁcult to apply within lepidopteran studies due to the lack of
locus-speciﬁc PCR ampliﬁcation and the high proportion of “null” alleles, such that erro-
neous estimations of population genetic parameters often result. Herein single nucleotide
polymorphism (SNP) markers are developed from Ostrinia nubilalis (Lepidoptera: Cram-
bidae) using next generation expressed sequence tag (EST) data. A total of 2742 SNPs
were predicted within a reference assembly of 7414 EST contigs, and a subset of 763
were incorporated into 24 multiplex PCR reactions. To validate this pipeline, 5 European
and North American sample sites were genotyped at 178 SNP loci, which indicated 84
(47 .2%) were in Hardy–Weinberg equilibrium. Locus-by-locus FST, analysis of molecular
variance, and STRUCTURE analyses indicate signiﬁcant genetic differentiation may exist
between European and North American O. nubilalis. The observed genetic diversity was
signiﬁcantly lower among European sites, which may result from genetic drift, natural
selection, a genetic bottleneck, or ascertainment bias due to North American origin of
EST sequence data. SNPs are an abundant source of mutation data for molecular genetic
marker development in non-model species, with shared ancestral SNPs showing appli-
cation within closely related species. These markers offer advantages over microsatellite
markers for genetic and genomic analyses of Lepidoptera, but the source of mutation data
may affect the estimation of population parameters and likely need to be considered in the
interpretation of empirical data.
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INTRODUCTION
Species from the insect Order Lepidoptera play crucial ecologi-
cal roles and impact human welfare due to feeding on cultivated
food,ﬁber,andbiofuelcrops.Thegeneticresponseoflepidopteran
species to habitat changes supports their use as sentinels for cli-
matechange,modelsforadaptation andspeciation,andevolution
of insecticide resistance traits. The investigation of lepidopteran
populationgeneticshasbeenhinderedlargelybythelackof locus-
speciﬁc molecular genetic markers. Molecular variation in the
numberoftandemrepeatamongallelesatmicrosatellitearrayshas
been widely applied for genetic mapping and population genetic
applications (Tautz, 1989; Weber and May, 1989; Estoup et al.,
1995).Despitetheapparenteaseof use,fewmicrosatellitemarkers
have successfully been developed for species of Lepidoptera due
to the inability to attain locus speciﬁcity or to minimize the fre-
quency of non-PCR amplifying“null”alleles (Meglécz et al.,2004;
Van’tHof etal.,2007).Althoughnotfullyunderstood,recentstud-
ies suggest that these difﬁculties in application of microsatellite
marker assays may be the result of an association of lepidopteran
microsatellites with transposable elements (Coates et al., 2009a,
2010, 2011; Yamamoto et al., 2006; Tay et al., 2010). This phe-
nomenon has hindered the genetic study of endangered butterﬂy
and agricultural pest species worldwide, and highlights a need to
develop alternative genetic markers (Coates et al., 2008).
Sequencebysynthesistechnologies(Ronaghietal.,1998;Simon
et al., 2009) have been adapted to run on high-throughput plat-
forms (Bennett, 2004; Marulies et al., 2005), and provide mil-
lions of de novo DNA nucleotide calls (Ellegren, 2009). Expressed
sequence tags (ESTs) are derived from complementary DNA
(cDNA) using sequence sampling on high-throughput platforms
(Vera et al., 2008), and are representative of transcripts sampled
from speciﬁc tissues, growth stages, or treatment conditions for a
species(Adamsetal.,1991).GeneticvariationwithinESTlibraries
is a source of allelic data, from which single nucleotide polymor-
phisms (SNPs) can be readily predicted (Pavy et al., 2006; Hayes
et al., 2007) and detected by automated genotyping assays (Tang
et al., 1999; Tsuchihashi and Dracopoli, 2002). Although existing
sequence databases are attractive sources for the development of
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SNP-based genetic markers,accessions are sometimes representa-
tive of selected individuals or genetically constrained populations
that may not correspond to the true allelic variation within a
species. Sequence data from libraries with low allelic variation
often are biased toward sampling rare SNP alleles, whereas sam-
ple libraries with elevated levels of sequence divergence tend to be
biased for intermediate- and high-frequency SNPs (Kern, 2009).
Insufﬁcient sequence coverage or stringent criteria used to predict
putative SNPs may also lead to the omission of allelic variation,
such that low-frequency SNPs may fail to be sampled within the
downstream genetic markers assay. Resulting population genetic
data obtained from biased SNPs can produce inaccurate esti-
mates of genotypic diversity, FST, disequilibrium, and Tajima’s D
(Kuhneretal.,2000;Nielsen,2000;NielsenandSignorovitch,2003;
Clark et al., 1998).
These apparent drawbacks are not unique to SNP markers,
where analogous user selection of long arrays and partial sam-
plingof potentiallociwithinagenomeinterjectsascertainmentto
microsatellitemarkers(Ellegrenetal.,1995;Ellegren,2000).Com-
paredtomicrosatellites,SNPshavehighergenomedensities,lower
genotyping error rates, are adaptable to high-throughput assays
(Williams et al., 2010), and are transportable among platforms
(Helyar et al., 2011). The mutation rates at SNP loci are lower
compared at microsatellite repeats, which results in SNPs being
mostly biallelic (Wilson and Sorant, 2000) and deﬁning allele lin-
eages that are comparatively less prone to homoplasy (Brumﬁeld
etal.,2003).TheseattributesmakeSNPmarkersattractiveforlarge
population genetic or genome scanning studies,especially in light
of recent evidence which indicates SNP markers are highly infor-
mative and accurately reﬂect human population demographics
(Lao et al., 2006; Paschou et al., 2007). An analogous understand-
ing of the population genetic structure, diversity, and gene ﬂow
among lepidopteran species is important for conservation genetic
efforts as well the management of insecticide resistance traits. In
the following, SNP markers are applied toward the estimation of
population structure for the lepidopteran species, Ostrinia nubi-
lalis. These methods outline a readily available gateway for the
investigationforanon-modelspecies,buttheapplicationof SNP-
based genotypic assays likely require correction of sampling bias
in the inference of population genetic parameters. The following
researchistheinitialreportof geneticvariationbetweenthenative
and introduced range of O. nubilalis. This is also one of the ﬁrst
reports of SNP marker application for population genetic infer-
enceinalepidopteranspecies,whichimpartsvaluableinformation
indevelopingsinglelocusmarkeralternativestomicrosatellitesfor
the genetic study of this large group of animal species.
MATERIALS AND METHODS
SAMPLE COLLECTION AND DNA EXTRACTION
DNA was extracted from O nubilalis larvae collected on corn
at Cussey-Sur-L’Ognon and Huegas as described by Bourguet
et al. (2000). Adults from Kanawha, IA were collected in a light
trap adjacent to corn ﬁelds in 2004. Two O. nubilalis collections
from Pennsylvania were of adult males from E-o rZ-pheromone
baited traps in 2008 (Table 1). Total genomic DNA was extracted
from adult thoracic tissue as described by Coates et al. (2009b),
quantiﬁed on a NanoDrop 2000c spectrophotometer (Thermo
Table 1 | Ostrinia sample locations.
Ostrinia nubilalis Ostrinia scapulalis Ostrinia furnacalis
Location n Location n Location n
Landisville,
PAE
32 Nord Pas de
Calais
6 Hebei
Province,
China
7
Rockspring,
PAE
32 Sichuan
Province,
China
6 Jilin Province,
China
5
Rockspring,
PAZ
32 Aktobe
Province
Kazakhstan
6 Shandong
Province,
China
6
Kanawha, IAZ 48 Krasnodar,
Russia
6
Cussey-Sur-
L ’Ognon,
France
23
Huegas France 23
EE-pheromone strain population;
ZZ-pheromone strain population.
Scientiﬁc, Wilmington, DE, USA), concentrations adjusted to
10ng/μl with deionized nuclease free water, and stored at −20˚C
prior to use. DNA from O. furnacalis and O. scapulalis samples
were respectively provided by Dr Zhenyying Wang and Dr Denis
Bourguet.
CONTIG ASSEMBLY AND READ MAPPING
A reference assembly of ESTs from O. nubilalis larval midgut
(Coates et al., 2008; GenBank dbEST accessions EL928389–
EL930130) and adult antennae (Wanner et al., 2010) was created
using the Roche GS De Novo Assembler (i.e., Newbler assem-
bler). Adaptor sequences were identiﬁed and the trim positions
were changed into .sff ﬁles using the Cross-match1, sff tools from
Roche2, and custom-built Java scripts. Sequences shorter than 50
nucleotides or containing homopolymers (in which 60% over
the entire length of the read is represented by one nucleotide)
were not included for assembly. Raw sequence data were obtained
from sff ﬁles, and assembled into contigs using the Roche GS
De Novo Assembler (i.e., Newbler Assembler) using default para-
meters(seedstep:12,seedlength:16,min.overlaplength:40,min.
overlap identity: 90%, alignment identity score: 2, and alignment
difference score: −3), and all of the non-redundant contigs were
exported to a ﬁle in FASTA format.
By design, the de novo assembler collapses the SNPs at a posi-
tion into a single base call using majority rules. High conﬁdence
differences,including but not limited to SNPs,were detected with
theRocheGSReferenceMapperbymappingthesequencingreads
to the reference assembly (see Newbler Assembler parameters).
High conﬁdence differences were output to a ﬂat ﬁle specifying
full descriptions for the detected mutations and a custom script
was used to parse the high conﬁdence difference ﬁle, and output
1http://www.phrap.org
2https://www.rocheapplied-science.com
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the data in both FASTA and tabular formats. Output SNPs were
required to have at least 150bp of ﬂanking sequence on both sides
of the SNP to support our requirements for assay development.
VALIDATION OF SNP ASSAYS
Ostrinia nubilalis SNP assays were developed using Sequenom
MassARRAY® Designer software (Sequenom, San Diego, CA,
USA), and unmodiﬁed oligonucleotides ordered from Integrated
DNA Technologies (Coralville, IA, USA). Each SNP detection
assay consists of an initial multiplex PCR step that ampliﬁes
genome regions containing mutations, followed by a single base
extension reaction that incorporates mass-modiﬁed dideoxynu-
cleotides complementary to the allele at each polymorphic locus
using the iPLEX-Gold mastermix (Sequenom; Tang et al., 1999).
ThesereactionswerecarriedoutuponDNAsamplesfromO.nubi-
lalis (n =190), O. furnacalis (n =18), and O. scapulalis (n =24).
The 178 SNP markers within multiplex reactions W0 to W4 were
separated by Matrix-assisted laser desorption/ionization–Time of
ﬂight (MALDI–TOF) mass spectrometry (Gabriel et al., 2009)o n
a Sequenom MassARRAY® located at the Iowa State Center for
Plant Genomics (ISU-CPG; Ames, IA, USA). Allele calling and
subsequent genotyping was performed using the SEQUENOM
System Typer 4.0 software package.
EFFECT OF BIOLOGICAL SAMPLE NUMBER UPON SNP FREQUENCY
ESTIMATIONS
The probabilities of not sampling an allele at a given frequency
within the population from a sample size of n (P−) was estimated
using the parameter P− =(1−q)2n (Swofford and Berlocher,
1987). Subsequent predictions of minimal sample sizes required
to accurately estimate allele frequencies ≤0.05 were calculated as
described by Sjögren and Wyöni (1994).
ANALYSES OF O. NUBILALIS POPULATION GENETIC STRUCTURE
The signiﬁcance of deviations between observed heterozygos-
ity (HO) and expected heterozygosity (HE) assuming Hardy–
Weinberg equilibrium (HWE) was tested within individual O.
nubilalis populations using Markov chain exact tests using the
Arlequin software package (v. 3.1; Excofﬁer et al., 2005). Exact
tests of differentiation among pairwise FST estimates, and locus-
by-locusFST,FIS,andFIT estimateswereperformedwithArlequin
v. 3.1 (see references therein for all tests). Hierarchical population
structurewasassessedbyanalysisofmolecularvariance(AMOVA)
with global genotypes and averaging across all loci (see references
within Excofﬁer et al., 2005) for two groups; North American
and European. Hierarchical population structure was also tested
between O. nubilalis E- and Z-pheromone ecotypes within North
America. The observed level of heterozygosity (HO) and expected
heterozygosity (HE) assuming HWE were tested for the O. fur-
nacalis andO.scapulalis genotypesusingArlequin(v.3.1;Excofﬁer
et al.,2005).
STRUCTURE2.3.2.1(Pritchardetal.,2000;Falushetal.,2007)
wasusedtoestimatethenumberofdistinctpopulations(K).Runs
were carried out for each value of K from 1 to 10. Each run con-
sistedof 9×106 iterations,precededbyaburn-inof 105 iterations
that used an admixture model of individual ancestry. The median
value of the estimated log probability of the data, conditional
on K, (ln Pr(X|K)), was used to compute the posterior proba-
bility of K,P r(K|X),assuming a uniform prior distribution for K.
STRUCTURE 2.3.2.1 was also used to estimate the number of dis-
tinctpopulations(K;Kmax=10)giventheapriori informationof
K =5 (LOCPRIOR command; Hubisz et al., 2009), with all other
parameters identical as the ﬁrst run except location information
included in a separate LocData column.
RESULTS
CONTIG ASSEMBLY, READ MAPPING, AND SNP ASSAY DEVELOPMENT
The NewblerAssembler generated a de novo reference assembly of
7414 contigs that is comprised of O. nubilalis midgut and anten-
nalESTreads(meanlength359.5±251.4bp;range157–2886bp),
and data is present at LepDB.org. Polymorphic nucleotide posi-
tions were observed among constituent reads from each contig,
which was used to predict 2742 putative SNPs using the Newbler
Mapping suite. The application of quality score criteria (mini-
mumreaddepth=10;MAF≥10%)andremovalofSNPpositions
≤150bp from 5  and 3  ends of respective contigs resulted in the
removalof1191SNPs(43.4%)fromthepoolofcandidateloci,and
the 1551 remaining loci were used for SNP marker development.
VALIDATION OF SNP ASSAYS
SinglebaseextensionassaysweredesignedusingSequenomMass-
ARRAYDesignerSoftwaretodetect763of1551predictedSNPloci
(49.2%)within443O.nubilalis ESTcontigs(1.73±0.95SNPsper
contig; mean size of contigs containing SNPs was 637±125bp),
and PCR co-ampliﬁed by 24 multiplex reactions (multiplexes W0
to W23; 32.48±4.95 markers per multiplex). For this study, SNP
loci from multiplex PCR reactions W0 to W4 (markers OnSMA-
0001 to -0178; Table S1 in Supplementary Material) were used to
genotype 192 samples on the Sequenom MassARRAY® (Table 1).
Results showed that 29 SNP markers generated no nucleotide
signal (∼15.3% assay failure rate), and 31 SNPs were not vari-
able within the samples we tested (∼17.4% false discovery rate).
The remaining 118 polymorphic SNPs (66.3% of total; Figure 1),
produced 175.1±13.7 SNP calls per locus from 189 successfully
genotyped individuals.
FIGURE1|F a t eo f1 7 8S N Pm a r k e rassays.The total number of assays
(percentage of the whole) are given for each category: False discovery
(monomorphic in all samples), Failed assays (no nucleotide signal from
Sequenom MassARRAY
®), Failed statistical test (Hardy–Weinberg
Equilibrium, HWE), and those used for genotyping population samples
passing HWE tests in all instances and passing HWE tests in all but one
instance.
www.frontiersin.org June 2011 | Volume 2 | Article 38 | 3Coates et al. SNPs as population genetic markers
EFFECT OF BIOLOGICAL SAMPLE NUMBER UPON SNP FREQUENCY
ESTIMATIONS
The SNP minor allele frequencies (MAF) observed across all sites
within the entire O. nubilalis population sample ranged from
0.017±0.016 to 0.5434±0.1187 (median=0.1741±0.0625), of
which 13 SNP MAFs were ≤0.05. Although polymorphic across
theentiresample,12ofthese13SNPsweremonomorphicin≥1of
5 sample sites, and the number of monomorphic SNPs estimated
in European sites (∼8.9%) was signiﬁcantly higher than in North
America (∼2.7%; F-statistic<0.001, P <0.0001, df=5, 498).
Allelic variation may be lost by random genetic drift, differen-
tialselection,ortheeffectsof insufﬁcientbiologicalsampling.The
probability of not sampling a SNP (P−) for each sample size (n)
was calculated for all O. nubilalis SNP loci with a MAF (q)≤0.05
Table S2 in Supplementary Material). Results indicate that P−
ranged from 0.0099 (q =0.05) to 0.6369 (q =0.005) for French
populations,and 3.84×10−7 (q =0.05) to 0.2361 (q =0.005) for
North American populations. A critical value of (1−P−) was set
for P− =0.05 as an approximate 95% conﬁdence interval (CI),
whereby SNPs with a MAF and sample sizes (n) insufﬁcient to
cross the 95% CI were identiﬁed (Figure 2). This indicated SNPs
with MAF≥0.063 may be accurately estimated at n =23,whereas
an n =144 shows a 95% probability of estimating a SNP with a
MAF∼0.010. Due to potential inﬂuence of sampling error, SNPs
with a MAF≤0.06 were omitted from analyses of population
genetic structure for all O. nubilalis sample sites.
FIGURE 2 |The probabilities of not sampling SNPs with minor allele
frequencies ≤0.05. Sampling probabilities were calculated for minor allele
frequencies across biological sample sizes (n) that were used for empirical
Ostrinia nubilalis data collection.The predicted sample size required to
obtain accurate minor allele frequencies with 95% probability [∼95%
conﬁdence interval (CI)] is shown for Cus d’leon and Huegas, France (),
Landisville, PA (◦), all French subpopulations (), Kanawha, IA (),
Rockspring, PA (•), and all North American subpopulations ().The
probability of not sampling a rare allele from a population that was
genotyped (P
−) was calculated using P
− =(1−q)
2n as described by
Swofford and Berlocher (1987).
ANALYSES OF POPULATION GENETIC STRUCTURE
The observed heterozygosity at 63 of 118 SNP loci (53.4%) was
estimated to be in HWE at all O. nubilalis sample sites, and 84
(71.2%) loci were in HWE within ≥5 of 6 samples (P ≥0.050;
Table S3 inSupplementaryMaterial).PairwiseFST estimateswere
signiﬁcant between 4 of 15 comparisons (Bonferroni-adjusted
threshold α=0.05/15=0.003; Table 2). In contrast, Fisher’s
Exact Tests for subpopulation differentiation among the esti-
mated haplotype frequencies were not signiﬁcant among any
sample sites (P =1.000; data not shown). Locus-by-locus FST
estimates ranged from –0.009 (marker OnSMA-0022) to 0.252
(OnSMA-0108) across loci when European and North Ameri-
can sites were compared, and were not signiﬁcant for all loci
(P ≥0.050) except for 15 markers (P ≤0.038; Table 3). Locus-by-
locus FST estimates between E-v s .Z-pheromone strains ranged
from –0.013 to 0.073, and four SNPs showed signiﬁcant differ-
entiation (P ≤0.050), and a single SNP accounted for >6.81%
of the total genetic variation (OnSMA-0073). Fisher’s Exact Tests
indicated that no signiﬁcant differentiation in genotypic frequen-
cies were detected among pheromone strains (P =1.000; data not
shown).
TestsofhierarchicalpopulationstructurebetweenNorthAmer-
ican and European sites showed that low, but signiﬁcant lev-
els of differentiation may exist (Table 4), with an estimated
FST =0.025 (P <0.036). Genetic differentiation between E- and
Z-pheromone ecotypes was also low (FST ≤0.009) but not sig-
niﬁcant (remaining results not shown). STRUCTURE estimated
a single O. nubilalis population (K =1) with membership within
thecluster=0.99(remainingresultsnotshown).TheLOCPRIOR
command was used to deﬁne geographic location of genotypes
and resulted in a K =5,with 64 (33.5%),32 (16.8%),48 (25.1%),
24 (12.5%), and 23 (12.0%) genotypes being assigned to each
cluster (Figure 3). Across sample sites, the co-ancestry coef-
ﬁcient (Q) partitioned 0.297±0.136 and 0.677±0.154 of the
individual genotypes into clusters 1 and 3, respectively, whereas
clusters 2, 4, and 5 each comprised ≤0.011 of the total. Cluster
1 composed 0.054 (Cussey-Sur-L’Ognon) to 0.455 (Landisville;
Figure 3) of the genotypes across sample sites, and showed a sig-
niﬁcant difference between Rockspring vs. Huegas, Rockspring
vs. Cussey-Sur-L’Ognon, Landisville vs. Huegas, and Landisville
vs. Cussey-Sur-L’Ognon (F-statistic not shown). A plot of pro-
portions of Q composing genotypes within cluster 1 and cluster
3 was able to separate samples from France and Pennsylvania.
(Figure 4).
A total of 32 of 118 O. nubilalis SNP markers (∼27.1%)
were polymorphic only within this species, whereas the remain-
ing 86 (72.8%) were shown to also be polymorphic within
related Ostrinia species. When SNP markers were tested upon
O. furnacalis and O. scapulalis samples 36 (∼30.5%) and 86
(∼72.8%) of loci,respectively,remained polymorphic. This com-
pared to 87.2% of the SNP markers that remained polymor-
phic among the 5 O. nubilalis sample sites. All but one of the
SNPs that were polymorphic in O. furnacalis were also vari-
able in O. scapulalis. In all instances, the nucleotide change that
deﬁned alternate alleles at each SNP locus was retained among
species. Statistical tests showed that 31 (26.3%) and 62 (52.5%)
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Table 2 | Ostrinia nubilalis population pairwise F ST estimates.
Rockspring (BE) Rockspring (BZ) Landisville (BE) Kanawha (BZ) Cus d’leon Huegas
1. Rockspring (BE) 0.1455 0.9150 0.0010* 0.1572 <0.0001**
2. Rockspring (BZ) 0.0040 0.1719 0.0879 0.1436 <0.0001**
3. Landisville (BE) −0.0040 0.0029 0.0010* 0.0400 <0.0001**
4. Kanawha (BZ) 0.0117 0.0043 0.0089 0.0081 <0.0001**
5. Cus d’leon 0.0055 0.0042 0.0074 −0.0103 0.8467
6. Huegas 0.0388 0.0313 0.0313 0.0196 −0.0057
Ostrinia nubilalis population pairwise FST estimates (below diagonal) and corresponding P-values (above diagonal) based on 84 SNP marker loci. Comparisons that
surpassed signiﬁcance thresholds of α =0.05 (*) and a Bonferroni-adjusted α =0.05/15(0.003 (**) are indicated.
Table 3 | Single nucleotide polymorphism marker loci showing signiﬁcant F ST differences.
SNP marker SNP locus Minor allele frequency F ST P-value Percent of variation
OnSMA-0006 OnS193-b 0.395±0.097 0.050 0.033 4.8±0.7
OnSMA-0030 OnS180-b 0.258±0.051 0.035 0.038 2.5±0.9
OnSMA-0069 contig00048.1292.1292 0.300±0.173 0.175 <0.001 17 .2±0.8
OnSMA-0065 contig07312.1001.1001 0.167±0.106 0.056 0.007 1.8±1.6
OnSMA-0080 contig00747 .197 .197 0.472±0.136 0.069 0.001 0.4±4.0
OnSMA-0097 contig06890.614.614 0.262±0.137 0.070 0.012 7 .7±0.3
OnSMA-0073 contig07350.355.355 0.294±0.131 0.060 0.003 2.6±2.3
OnSMA-0119 contig01115.332.332 0.020±0.054 0.153 <0.001 15.3±0.1
OnSMA-0122 contig01257 .497 .497 0.277±0.097 0.046 0.014 2.1±2.2
OnSMA-0111 contig03322.809.809 0.133±0.072 0.034 0.017 07±1.1
OnSMA-0139 contig06864.843.843 0.425±0.103 0.036 0.017 1.8±1.7
OnSMA-0131 contig07085.771.771 0.055±0.051 0.039 0.001 0.7±0.6
OnSMA-0152 contig05895.863.863 0.287±0.152 0.129 <0.001 9.6±1.9
OnSMA-0160 contig06004.217 .217 0.305±0.205 0.252 <0.001 23.9±1.3
OnSMA-0143 contig06818.176.176 0.021±0.112 0.039 0.020 0.9±2.4
Comparisons made for SNP marker data collected from European and North American Ostrinia nubilalis, signiﬁcance threshold for variance in FST estimates set at
α =0.05.
Table 4 | Analysis of molecular variance (AMOVA) averaged across 84
loci.
Source of variation df Sum of
squares
Variance
components
Percentage
variation
Among sites 1 46.470 0.23350 1.84983
Among populations
within site
5 53.848 0.07918 0.62733
Within populations 183 4248.520 12.30985 97 .52284
Total 189 4348.837 12.62253 100.00000
Associated Fisher statistics: FST =0.025 (P=0.036); FIT =0.019 (P=0.029);
FIS =0.006 (P=0.009).
of O. furnacalis and O. scapulalis markers showed no signiﬁ-
cant deviation from the expected HWE proportions (Table S4
in Supplementary Material). These data indicate that SNP mark-
ers developed from O. nubilalis EST data contain shared ancestral
alleles, and that these markers may be applied to other species
within the genus.
DISCUSSION
Next generation sequencing technologies offer a rapid entry point
into genomic research, and can accelerate genetic discoveries
in non-model species. The current study provides a genomics
pipelineforthedevelopmentof high-throughputSNPgenotyping
assays using mutation data from current EST resources followed
by application to population genetic inference. Similar studies
have been published with procedural outlines for SNP marker
development from sequence data (Novaes et al.,2008;Wiedmann
et al., 2008; Williams et al., 2010). SNPs have been applied on a
limited scale for the genetic mapping of the model lepidopteran
species, Bombyx mori (Yamamoto et al., 2006), and the butter-
ﬂy Bicyclus anynana (Beldade et al., 2010), and for population
genetics of the Glanville fritillary butterﬂy (Orsini et al., 2008).
To develop markers, an O. nubilalis EST reference assembly was
constructed which contained 7414 contigs, from which over 2700
SNPs were predicted by mapping constituent reads against the
assembled scaffolds. Interestingly, the length of contigs in which
SNPs were predicted and from which subsequent assays were
designed tended to be greater than that of the mean of the general
reference assembly. This likely was a consequence of the positive
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FIGURE 3 |The estimated ancestry coefﬁcients (Q)f o rOstrinia nubilalis
individuals from STRUCTURE output generated by the LOCPRIOR
command.The ancestry of individual SNP genotypes from sampled
subpopulations. Each of the 189 individual O. nubilalis genotypes are
represented as a vertical line and are composed of proportions of each Kth
segment which represent genetic lineages within the respective individual.
FIGURE 4 | Cluster analysis of the ancestry coefﬁcient (Q) among
individual SNP genotypes collected at O. nubilalis sample sites.The
individual ancestry vectors on the triangle plot are representative of North
American and European samples, and are derived from K =5 components
(assumed number of independent populations during analyses). Each
components are displayed as the distance to the corresponding corner of
the triangle, where individual genotypes at the points of the triangle are
completely assigned to a single population of origin.
correlation between contig length and read depth. Alternatively,
the criteria we used for assay design included a requirement that
sequence was present ±150bp of putative SNPs, such that any
SNPs within a contig ≤301bp would have been excluded from
resulting PCR-based single base extension assays. This suggests
that downstream marker development efﬁciency may increase as
technologies generate longer de novo sequence read lengths or
algorithms written that result in the reliable assembly of longer
contigs. Overall, ∼6.0% of O. nubilalis contigs within the refer-
ence assembly contained a putative SNP that met our criteria,and
is similar to the 0.05–11.1% of contigs previously reported from
other species (Novaes et al., 2008; Wiedmann et al., 2008). Albeit,
theuseof relaxedcriteriatodeﬁneputativeSNPswithintheinitial
mutation pool would have lead to an increase in the number of
candidatesforSNPassaydesign,butmaylikelyalsohaveincreased
the ensuing SNP false discovery rate (Matukumalli et al.,2009).
Analysis of sequence by synthesis reaction data can result in
errors, but tend to be associated with homopolymer stretches or
the ends of individual reads (Simon et al., 2009). These intrinsic
factorsmayhaveledtothe17.4rateofSNPfalsediscoveryencoun-
teredinourstudy.Thoughthismayseemhigh,itwasanalogousto
the rates observed in EST-derived SNP marker assay design from
beetle (15.0%; Coates et al., 2009b) and bovine species (14.7%;
Matukumalli et al.,2009). Although not investigated further here,
false discovery rates may likely be contingent upon the initial cri-
teria used to differentiate mutations from DNA sequencing error
or the specious assembly of closely related paralogs into a sin-
g l ec o n t i g( Hayes et al., 2007). Conversely, SNPs may appear to
be invariable if biological sample sizes are insufﬁcient to capture
all SNP haplotypes within a geographic region, but this scenario
seems unlikely due to our use of 189 individuals (378 haplotypes)
forfrequencyestimations.Wealsoobservedfromassayresultsthat
∼16.3% of markers failed to generate a nucleotide signal (i.e., no
base calls were obtained from any genomic DNA samples). This
class of genotyping error may result from PCR ampliﬁcation fail-
ures based upon the unknown position of introns within DNA
templates when a cDNA sequence is initially used for PCR assay
design,whereoligonucleotideprimerscouldannealatintronjunc-
tionsorhavelargeinterveningintrons(Coatesetal.,2009b).These
factors may be unavoidable when markers are developed for non-
model organisms,and may likely remain problematic pending the
ready availability of whole-genome sequence assemblies.
Despite the apparently high failure rate of O. nubilalis SNP
markersontheMassARRAY®,genotypicdatawassuccessfullygen-
erated at ∼66.6% of loci within natural populations. The rate of
success for microsatellite markers was comparatively low for O.
nubilalis,whereCoatesetal.(2005)andKimetal.(2008)reported
ratesof≤12.5%.Inconjunctionwithhighthroughputofdetection
assays that facilitates the ease and low cost of screening hundreds
of potential markers, SNPs have fast become accepted within the
scientiﬁccommunity.Of specialinterestforlepidopterangenomic
research, is that the genotypes deﬁned at ∼ 47.2% of all 178 O.
nubilalis SNPs did not deviate signiﬁcantly from HWE within any
sampling location, but increased to 71.2% when considering loci
thatdidnotgenerateasignalontheMassARRAY®.HWEassump-
tions are violated within populations where random genetic drift,
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selection, range expansions, or recent genetic bottlenecks affect
the genetic structure. Alternatively,assay logistics such as unchar-
acterizedmutationswithinoligonucleotideprimerannealingsites
are known to cause non-amplifying“null”alleles which also cause
genotypes at a locus to signiﬁcantly deviate from HWE values
(Pemberton et al., 1995). Signiﬁcant reductions in observed het-
erozygosity levels have been observed at high frequency when
microsatellitemarkerswereappliedtogenotypeindividualswithin
lepidopteran populations, where as the proportion of O. nubilalis
SNP markers in HWE ranged from ∼33.3 (Coates et al., 2005)
to 50% (Malausa et al., 2007). The increased proportion of SNP
markers in HWE compared to microsatellite loci may be attrib-
utable to the sequence conservation of oligonucleotide primer
binding sites within protein coding sequences such that “null”
allele frequencies are dramatically reduced. Although beneﬁcial
in terms of assay performance, the protein coding sequence con-
servation may inﬂuence the neutrality of assayed polymorphisms
where selection based upon codon bias or amino acid sequence
may also play a role in the evolution and observed SFS of SNPs.
The rate of success among O. nubilalis genotyping assays suggests
that EST-derived SNPs offer a readily available source of muta-
tions from which genetic markers can be developed (Novaes et al.,
2008;Wiedmann et al.,2008;Williams et al.,2010).
Although SNP markers will allow for the estimation of geno-
typicfrequencieswithinpopulationsamples,thereareprecautions
thatlikelyshouldbeimplementedduringexperimentaldesignand
interpretationofresults.Forinstance,rare“private”alleles(<0.05)
are often used in population genetics to detect stochastic events,
andareseenasvaluablefortheestimationofoveralldifferentiation
(Slatkin,1985)sincetheyaremoresusceptibletotheeffectsofran-
domgeneticdriftorrepresentrecentlyderivedmutationsthatmay
be sample site speciﬁc. SNPs may be held at low frequencies in a
populationforavarietyofreasons,whereforinstanceSNPslocated
within protein coding sequence that cause amino acid changes
(non-synonymous SNPs), are usually held at low frequencies due
to purifying selection and are often speciﬁc to a subpopulation
(Fay et al., 2001). Since 83.3% of the O. nubilalis SNPs that show
a MAF<0.05 are located within synonymous third positions, we
assumed that loci may be nearly neutral and represent recently
evolved mutations. Regardless of causal factor,the ability to accu-
rately estimate a rare event becomes increasingly error prone with
decreasing MAF and decreasing biological sample size. Indeed,we
show that the proportion of monomorphic loci increased when
the O. nubilalis MAF and/or the number of biological samples at
a site were low. Speciﬁcally, these observations suggest that sam-
pling error is inﬂuencing our estimations of SNP allele frequency.
Toaddressthisweassignedacriticalvalueatthe95%probabilityof
alleleinclusionwithinagivennumberofbiologicalsamples,which
further indicated that SNPs with a MAF<∼0.06 were unlikely to
be accurately estimated from the biological samples of n =23.
Although not startling, this scenario illustrates that insufﬁcient
sampling can result in the erroneous estimation of rare allele fre-
quencies (Ingman and Gyllensten, 2009; Städler et al., 2009), and
that the use of low-frequency SNPs in population genetic analyses
needs to be done cautiously or have sampling designs adjusted at
the onset of the study (Brooks et al.,2010).
There are potential drawbacks inherent to SNPs when applied
to population genetic inference, but are similarly encountered for
microsatellite-based assays (Ellegren et al., 1995; Ellegren, 2000).
SNP markers are being increasingly used for population genetic
analyses due to their highly informative value and success at pre-
dicting known population subdivisions (Lao et al., 2006; Paschou
et al., 2007). O. nubilalis, the European corn borer, is native to
Europe and western Asia where it is known to feed upon about
223 plant species, and populations show diversity with respect to
a genetically determined number of reproducing generations per
year (Eckenrode et al., 1983), and female production and corre-
sponding male perception of E- and Z- 11-tetradecenyl acetate
pheromonecomponents(Klun,1975).O.nubilalis wasintroduced
toNorthAmericaintheearly1900s.TheO.nubilalis SNPmarkers
were developed from sequences (alleles) sampled within midgut
andantennalESTlibrariesthatwereconstructedfromindividuals
collectedintheNorthAmericanpopulation.TheNorthAmerican
population shows evidence of low genetic structuring over much
of its range (Kim et al., 2009, 2011), which was corroborated by
results from SNP marker data. Similar conclusions were drawn
from statistical comparisons between the two French samples by
Bourguet et al. (2000), Malausa et al. (2007), and in the current
study.Incontrast,asigniﬁcantlevelof differentiationwasdetected
between the French and NorthAmerican populations,which sug-
gest that SNP markers are capable of distinguishing O. nubilalis
populations derived from different continents. Genetic variation
between native and introduced ranges of O. nubilalis has not been
examined prior to this study. Genetic divergence may result from
random genetic drift between populations isolated by the expanse
of the Atlantic Ocean, from a genetic bottleneck that occurred
upon North American introduction, or from the North Ameri-
can introduction not being founded by moths from France. The
O.nubilalis introductionintoNorthAmericaoccurred∼100years
ago,futurestudiesthatinvestigatedifferentiationwithintheances-
tralEuropeanpopulationmaybeabletoidentifypotentialfounder
regions of the introduced North American cohorts. In this sce-
nario, any ascertainment bias interjected into the SNP marker
pool by their development from EST variation sampled only from
North American O. nubilalis may actually be beneﬁcial, assum-
ing that drift or selection have not obscured the genetic similarity
among the true founder and introduced population.
Previous evidence suggests that SNP allele lineages are sta-
ble and less prone to homoplasy compared to microsatellites
(Brumﬁeld et al., 2003; Coates et al., 2009b), and may provide
increased accuracy for the estimation of subpopulation differen-
tiation (Morin et al., 2004). Additionally, genotyping assays were
successfulandpolymorphismwasretainedamong75%ofprimate
(Haciaetal.,1999)and99%ofsheepSNPs(Kijasetal.,2009),such
that allele lineages were traced across species boundaries. In the
present study, we showed that a higher number of O. nubilalis
SNP loci remained variable in O. scapulalis compared to O. fur-
nacalis,which may support prior suggestions that O. nubilalis and
O. scapulalis are recently diverged species (Frolov et al.,2007) and
is reﬂected at the genome level. Based on a mitochondrial genome
sequencecomparison,O.nubilalis andO.furnacalis speciationwas
estimated to have occurred 3.3mya (Coates et al.,2004),and sup-
portstheincreasedlevelofdivergencewecharacterizedatgenomic
SNPloci.ReportsthatSNPshavelowestimatedmutationratesand
are generally biallelic within a species (Wilson and Sorant, 2000)
was indicated by allelic variation at polymorphic SNP loci among
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three species of Ostrinia and suggests allele lineages may be stable
overmillionsof years.Monnaetal.(2006)indicatedthatSNPscan
be informative for whole-genome analyses of evolutionary rela-
tionships, and that inclusion of additional Ostrinia species may
allow for prediction of phylogenomic topology and the direction
of mutation at shared ancestral SNP loci.
CONCLUSION
Single nucleotide polymorphisms provide a source of mutation
data from non-model species that are suitable for the develop-
mentofhigh-throughputgeneticmarkers.Furthermore,variation
atSNPlociprovidesatoolfortheanalysesof naturalpopulations.
Thesemarkersarecapableof revealinggeneticvariationamongO.
nubilalis at different sample sites, but analysis indicates that cau-
tion should be used when estimating low SNP MAFs from limited
biologicalsamplenumbers.SNPlocishowbiallelicpolymorphism
within the genus Ostrinia that represents shared ancestral muta-
tions and have the potential for use in future phylogenomic and
comparative genomic studies.
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